All relevant data are within the paper and its supporting information files.

Introduction {#sec005}
============

Colon cancer is the fourth most common cancer type and the second leading cause of cancer-related death worldwide \[[@pone.0186718.ref001]\]. Colon cancer is associated with significant mortality because it usually metastasizes and spreads throughout the body. Therapeutic options are limited for patients with metastatic colon cancer. Thus, it is critical to understand the mechanism of metastasis in colon cancer and develop novel therapeutic strategies. The lymphatic system plays key roles in cancer development and, specifically, in cancer metastasis \[[@pone.0186718.ref002]\]. The presence of tumor cells in regional or sentinel lymph nodes is a key predictor of outcome in colon cancer \[[@pone.0186718.ref003]\]. Dynamic changes of the lymphatic vessels in tumor tissues, including lymphangiogenesis, facilitate metastasis \[[@pone.0186718.ref004]\]. However, the molecular mechanism underlying tumor lymphangiogenesis has been less rigorously studied, compared to angiogenesis.

miRNAs are short non-coding RNAs that negatively regulate gene expression by inhibiting protein translation or accelerating mRNA degradation. miRNAs have important roles in many biological processes, including cell cycle regulation, cell growth, apoptosis, differentiation and the cellular response to stress \[[@pone.0186718.ref005]\]. The emergence of miRNAs as key players in the tumorigenesis, progression, and metastasis of cancer has led to new diagnostic and therapeutic opportunities \[[@pone.0186718.ref006]\]. In colon cancer, microRNA expression profiles were associated with prognosis and therapeutic outcome \[[@pone.0186718.ref007]\]. Some miRNAs were found to be oncogenic in colon cancer, including the miR-17/92 cluster \[[@pone.0186718.ref008]\] and miR-21 \[[@pone.0186718.ref009]\]. On the other hand, some miRNAs were found to be tumor suppressors in colon cancer, including let-7 \[[@pone.0186718.ref010]\], miR-143 \[[@pone.0186718.ref011]\], and miR-145 \[[@pone.0186718.ref009]\]. Although miRNAs function as key modulators of angiogenesis \[[@pone.0186718.ref012]\], the critical roles of miRNAs in colon cancer lymphangiogenesis remain unclear. In this study, we have identified miR-27a as a key regulator of lymphangiogenesis by targeting *SMAD4* in colon cancer.

Materials and methods {#sec006}
=====================

Cell culture and tumor-HLEC co-culture {#sec007}
--------------------------------------

The human colon cancer cell lines SW620 and SW480 were obtained from the American Type Culture Collection (ATCC), cultured in Dulbecco\'s Modified Eagle Medium (Hyclone laboratories, South Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen Life Technologies, Carlsbad, CA, USA), 100 U/mL penicillin (Invitrogen Life Technologies, Carlsbad, CA, USA), and 100 μg/mL streptomycin (Invitrogen Life Technologies, Carlsbad, CA, USA) at 37°C in a humidified atmosphere of 5% CO~2~.

Human lymphatic endothelial cells (HLECs) were obtained from ScienCell Research Laboratories (ScienCell, San Diego, CA, USA) and maintained in Endothelial cell medium (ECM) (ScienCell, San Diego, CA, USA) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO~2~. Prior to assays, HLECs were incubated overnight with 10 ml of sterile Dulbecco's phosphate buffered saline (DPBS) and 150 μl (1 mg/ml) of fibronectin stock solution.

For the tumor cell-HLECs co-culture system, human colon cancer cells were plated in 35-mm dishes. HLECs were then seeded on cell-culture inserts containing a polycarbonate membrane with a 0.4-μm pore (Millicell, Millipore, Billerica, MA, USA) placed these dishes and incubate for 48 hours.

RNA isolation and miRNA microarray analysis {#sec008}
-------------------------------------------

Total RNA, including miRNA, was isolated using Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions from HLECs co-cultured with colon cancer cell lines.

The isolated miRNAs were then labeled with Hy3TM using the miRCURYTM Array Labelling kit (Exiqon, Vedbaek, Denmark) and then hybridized on miRCURYTM LNA microRNA Array 16.0 edition (Exiqon, Vedbaek, Denmark), as previously described \[[@pone.0186718.ref013]\]. Hybridization images were collected using a GenePix 4000B laser scanner (Molecular Devices, Sunnyvale, CA, USA). Images were quantified using GenePix Pro 6.0 (Axon Instruments, Sunnyvale, CA, USA). Raw data were further processed in Microsoft Excel.

Real-time qRT-PCR {#sec009}
-----------------

cDNAs were generated using a reverse transcription kit (Fermentas, Glen Burnie, MD, USA) according to the manufacturer's instructions. Real-time quantitative PCR experiments were performed with SYBR Green PCR Master Mix (Takara, Dalian, China) and on an ABI 7900 sequence detection system (Applied Biosystems, San Diego, CA, USA), according to the manufacturer's protocol. The primers are listed as follows: *SMAD4* sense, `5-AGTAACGATGCCTGTCTGA-3`, antisense, `5-TGAAGTCGTCCATCCAAT-3`; *PROX-1* sense, `5-CAGCCCGAAAAGAACAGAAG-3`, antisense, `5-GGGTCTAGCTCGCACATCTC-3`; *GAPDH* sense, `5-GCACCGTCAAGGCTGAGAAC-3`, antisense, `5-ATGGTGGTGAAGACGCCAGT-3`. The TaqMan MicroRNA Reverse Transcription kit and TaqMan MicroRNA Assays were used to detect and quantify mature hsa-miR-27a-3p, hsa-miR-146a-5p, hsa-miR-20b-3p and hsa-miR-519e-5p. miRNA expression levels were normalized according to the expression of *RNU6B*. All primers were provided by Applied Biosystems. Experiments were performed in triplicate.

Western blot {#sec010}
------------

Total protein was extracted with RIPA buffer supplemented with protease inhibitors. Protein extracts were resolved on 10% SDS--PAGE gels, transferred onto PVDF membranes (Millipore, Billerica, MA, USA), as descripted previously \[[@pone.0186718.ref014]\]. The primary antibodies anti-rabbit Smad4 (Cell Signaling, Danvers, MA, USA) or GAPDH (Kang Cheng Biotechnology, Shanghai, China) were applied overnight. The dilutions of the primary antibodies were 1:1000 for anti-SMAD4 and 1:10000 for anti-GAPDH. The following day, the membranes were incubated with HRP-conjugated anti-rabbit secondary antibodies (Kang Cheng Biotechnology, Shanghai, China) at room temperature for 60 minutes. A chemiluminescence detection system (Millipore, Billerica, MA, USA) was used for visualization of the results.

Transfection {#sec011}
------------

For transfection studies, HLECs were plated at 50,000 cells per well 24 hours before transfection. Lipofectamine™ 2000 transfection reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) were used to transfect plasmid, siRNA, miR-27a mimic, or miR-27a inhibitor, according to the manufacturer's instructions. Expression plasmids for Smad4, namely pRK5-FLAG-Smad4, were kindly provided by Dr. Bert Vogelstein. Scrambled oligonucleotide (Genepharm, Shanghai, China), Smad4 siRNA (Genepharm, Shanghai, China), miR-27a mimic (Genepharm, Shanghai, China) and miR-27a inhibitor (Genepharm, Shanghai, China) were transfected into HLECs at the indicated concentrations.

Tube formation assay {#sec012}
--------------------

Matrigel (BD Biosciences, San Jose, CA, USA) was mixed with ECM at a 1:2 ratio. 50 ul of the mixture was added to each well in 96-well plates. After incubation at 37°C for 20 min for Matrigel solidification, pre-transfected HLECs were seeded on the 96-well plates and incubated in a 5% CO~2~ atmosphere at 37°C for 6 or 10 h. Pictures of tube formation were taken under a microscope, and the total lengths were quantified using Image J software.

Cell migration assay {#sec013}
--------------------

For cell migration analysis, 24-well chambers with 8-μm-pore polycarbonate membranes (Millipore, Billerica, MA, USA) were used. HLECs transfected with different concentrations of miR-27a mimic or inhibitor were trypsinized, suspended in ECM with no FBS, and then 1×10^5^ cells were seeded in the upper wells. ECM with 10% FBS was placed in the lower wells. After 8 or 12 h, cells that migrated to the bottom surface of the membrane were fixed with 100% methanol for 5 min, stained with 0.1% crystal violet for 10 min and counted in six random microscopic fields (200×) as previously described \[[@pone.0186718.ref015]\].

Reporter constructs and luciferase activity assay {#sec014}
-------------------------------------------------

The 3'-UTR of the *SMAD4* gene was cloned into the 3'UTR of the OmicsLink^TM^ luciferase reporter vector (GeneCopoeia, Rockville, MD, USA). Mutagenesis was performed to generate reporter plasmids with mutations on miR-27a binding sites, as described in the reference \[[@pone.0186718.ref016]\]. HLECs were co-transfected with scrambled oligonucleotide, miR-27a mimic or inhibitor and OmicsLink^TM^ luciferase reporter vectors using Lipofectamine™ 2000. Twenty-four hours after transfection, luciferase activity was assayed with the Luc-Pair™ miR Luciferase Assay Kit (GeneCopoeia, Rockville, MD, USA) and a Promega Turner TD-20/20 Luminometer.

The plasmid P3TP-Lux was used to study the influence of miR-27a on the TGF-β signaling pathway and was kindly provided by Dr. Joan Massague (Memorial Sloan-Kettering Cancer Center, New York, NY, USA). HLECs were co-transfected with P3TP-Lux (1μg), pRL-TK (0.1μg), and different concentrations of miR-27a mimic, scrambled oligonucleotide or miR-27a inhibitor using Lipofectamine 2000. Twenty-four hours after the transfection, exogenous TGF-β1 (5 ng/ml) was added, and the luciferase assay was performed to measure the activity of firefly luciferase. Renilla luciferase activity was used for normalization.

Data analysis and statistics {#sec015}
----------------------------

An unpaired t-test was used to assess the statistical significance of differences between groups. Pearson's correlation coefficient was used to assess the association between miR-27a expression and *SMAD4* expression. All statistical analyses were performed using SPSS software 11.0 (Chicago, IL, USA) or GraphPad Prism 6 software (La Jolla, CA, USA). Data are presented as the mean ± SD. P\<0.05 was considered statistically significant.

Results {#sec016}
=======

microRNA profiling in HLECs co-cultured with colon cancer cells {#sec017}
---------------------------------------------------------------

To identify key microRNAs in tumor-induced lymphangiogenesis, we performed co-cultures of HLECs with the human colon cancer cell lines, SW480 and SW620. After 48 h of co-culture, miRNA microarray analysis was used to compare the miRNA expression profiles in HLECs cultured alone versus HLECs co-cultured with different human colon cancer cell lines. The microarray analysis revealed 26 significantly downregulated miRNAs and 21 significantly upregulated miRNAs in HLECs co-cultured with human colon cancer cell lines compared to HLECs alone ([Fig 1A](#pone.0186718.g001){ref-type="fig"}). The top differentially expressed miRNAs were chosen for further studies. We then applied real-time qRT-PCR to validate the expression of two up-regulated miRNAs (hsa-miR-27a-3p and hsa-miR-146a-5p) and two down-regulated miRNAs (hsa-miR-20b-3p and hsa-miR-519e-5p) from the HLEC and colon cancer cell co-culture system. As shown in [Fig 1B](#pone.0186718.g001){ref-type="fig"}, the results of the qRT-PCR expression analysis of these four miRNAs were consistent with the results obtained from the miRNA array analysis. Because of the obvious up-regulation of miR-27a and because its function has been related to angiogenesis \[[@pone.0186718.ref017]--[@pone.0186718.ref018]\], we first chose miR-27a for further study.

![Differential miRNA expression in HLECs co-cultured with colon cancer cells.\
(A) The expression of miRNAs in co-cultured HLECs relative to their expression in HLECs alone. Unexpressed miRNAs were removed. (B) Real-time qRT-PCR analysis of four selected miRNAs in co-cultured HLECs compared with their expression in HLECs alone. Bars, means ± SD of 3 independent experiments. *\* P \< 0*.*05* versus miRNA expression in HLECs alone.](pone.0186718.g001){#pone.0186718.g001}

miR-27a promotes lymphangiogenesis and migration of HLECs {#sec018}
---------------------------------------------------------

Cultured HLECs can form capillary-like tubes. Thus, they are widely used to mimic lymphangiogenesis *in vitro*. To assess the potential role of miR-27a in lymphangiogenesis, we treated HLECs with a miR-27a mimic and then examined lymphatic tube formation. We found that the lengths of the capillary-like tubes in Matrigel transfected with 30 nM or 60 nM miR-27a mimic for six hours were 3.07±0.91 fold (*P \< 0*.*001*) and 4.49±0.63 fold (*P \< 0*.*001*) longer than those observed in the control group, respectively ([Fig 2A](#pone.0186718.g002){ref-type="fig"}). We then transduced an miR-27a inhibitor into HLECs and monitored lymphatic tube formation and migration. In contrast to miR-27a mimic treated cells, the lengths of the capillary-like tubes in the cells transfected with the miR-27a inhibitor were 26.71±1.30% (*P \< 0*.*05*) and 76.98±3.37% (*P \< 0*.*001*) shorter than those observed in the control group after 10 hours of treatment with 30 nM or 60 nM miR-27a inhibitor, respectively ([Fig 2B](#pone.0186718.g002){ref-type="fig"}).

![miR-27a increases tube formation of HLECs on Matrigel and promotes migration of HLECs.\
(A and B) Representative phase-contrast photographs and quantification of capillary-like tube formation in control or miR-27a mimic transfected HLECs (A) and control or miR-27a inhibitor transfected HLECs (B). Tube formation was quantified by the length of tubes. (C and D) Representative phase-contrast photographs and quantification of Transwell cell migration of control or miR-27a mimic transfected HLECs (C) and control or miR-27a inhibitor transfected HLECs (D). (E and F) Real-time qPCR analysis of Prox-1 expression in miR-27a mimic transfected HLECs or control (E) and miR-27a inhibitor transfected HLECs or control (F). Bars, means ± SD from 3 independent experiments. *\*P \< 0*.*05*, *\*\*P \< 0*.*01*, versus expression in negative control.](pone.0186718.g002){#pone.0186718.g002}

Transwell migration assays were then conducted to determine the function of miR-27a on the migration in HLECs. We found that the number of migrated cells increased after transduction with the miR-27a mimic in a dose-dependent manner. miR-27a mimic transfection at 30 nM or 60 nM enhanced migration by 1.50±0.28 fold (*P \< 0*.*05*) and 1.92±0.18 fold (*P \< 0*.*001*), respectively ([Fig 2C](#pone.0186718.g002){ref-type="fig"}). On the other hand, the number of migrating cells in HLECs transfected with 30 nM or 60 nM miR-27a mimic were 34.48±4.60% (*P \< 0*.*05*) and 69.78±4.28% (*P \< 0*.*001*) lesser than the control group, respectively ([Fig 2D](#pone.0186718.g002){ref-type="fig"}).

Prox-1 is required for lymphatic endothelial cell differentiation and promote lymphangiogenesis in vivo and in vitro \[[@pone.0186718.ref019]\]. It was one of the indications of lymphatic vasculature formation start \[[@pone.0186718.ref020]\]. We chose Prox-1 as biomarker to show the lymphangiogenesis modulated by miR-27a in HLECs. Quantitative PCR (qPCR) was conducted to determine Prox-1 expression in HLECs after transfected with miR-27a mimic or inhibitor. The results showed that Prox-1 expression increased compared with control by 3.00±0.26 fold (*P \< 0*.*001*) and 5.28±0.36 fold (*P \< 0*.*001*) after 30nM and 60nM miR-27a mimic transfection, respectively ([Fig 2E](#pone.0186718.g002){ref-type="fig"}). And conversely, Prox-1 expression level was 25.00±3.90% (*P \< 0*.*05*) and 36.00±2.60% (*P \< 0*.*05*) decreased after transfected with miR-27a inhibitor in 30nM and 60nM concentration, respectively ([Fig 2F](#pone.0186718.g002){ref-type="fig"}). The results consistent with the HLECs lymphatic tube formation and cell migration

*SMAD4* is a target of miR27 in HLECs {#sec019}
-------------------------------------

To identify possible miR-27a targets in lymphangiogenesis, we conducted microRNA target prediction with widely used tools, including DIANA, TargetScan, and PITA. Among the predicted miR-27a targets, the *SMAD4* gene ([Fig 3A](#pone.0186718.g003){ref-type="fig"}) was chosen for further analysis as all three prediction methods listed *SMAD4* as a top candidate and miR-27a has an established role in the inhibition of tumor metastasis. The bioinformatics analysis suggested that miR-27a binds to the *SMAD4* mRNA 3'UTR and down-regulates the synthesis of SMAD4 protein to potentially regulate lymphangiogenesis.

![miR-27a directly targets SMAD4.\
(A) The predicted target site of has-miR-27a (middle) in the SMAD4-3'UTR region (bottom) as detected by TargetScan. A mutant SMAD4-3'UTR sequence was also shown (upper). (B) The quantification of SMAD4 protein expression in HLECs transfected with different concentrations of miR-27a inhibitor. (C) The quantification of SMAD4 protein expression in HLECs transfected with different concentrations miR-27a mimic. (D) The activity of wildtype or mutant SMAD4-3'UTR in HLECs co-transfected with control, miR-27a mimic, or miR-27a inhibitor in luciferase reporter assays. Relative luciferase activity was normalized to the scrambled oligonucleotide control. (E) The induction of the TGF-β1 pathway in HLECs transfected with control, miR-27a mimic, or miR-27a inhibitor in luciferase reporter assays. Relative luciferase activity was normalized to the scrambled oligonucleotide control. *\*P \< 0*.*05*, *\*\*P \< 0*.*01*.](pone.0186718.g003){#pone.0186718.g003}

To investigate the relationship between miR-27a and *SMAD4*, Western blot was used to detect SMAD4 protein expression in HLECs transfected with different concentrations of miR-27a mimic or miR-27a inhibitor. Compared with scrambled oligonucleotide, SMAD4 protein expression was decreased in miR-27a mimic transfected HLECs and increased in miR-27a inhibitor transfected HLECs in a concentration-dependent manner ([Fig 3B and 3C](#pone.0186718.g003){ref-type="fig"}).

To determine if *SMAD4* is a direct target of miR-27a, we cloned the 3'UTR of *SMAD4* mRNA into a luciferase reporter vector. Point mutants were also introduced into the construct to disrupt the predicted miR-27a binding site ([Fig 3A](#pone.0186718.g003){ref-type="fig"}). We co-transfected wild-type or mutant *SMAD4* 3'UTR luciferase reporter plasmids and miR-27a mimic or miR-27a inhibitor into HLECs. The luciferase activity was assayed after 24 hours of transfection. We found that the luciferase activity of wild-type *SMAD4* 3'-UTR reporter transfected cells was significantly suppressed when co-transfected with 30 nM and 60 nM miR-27a mimic (a decrease of 42.33±7.02% and 56.67±7.77%, respectively, *P \< 0*.*001*), while the luciferase activity was significantly elevated following transfection with 30 nM and 60 nM miR-27a inhibitor (an increase of 35.33±6.03% and 86.33±12.22%, respectively, *P \< 0*.*001*). In contrast, no significant difference was observed when the mutant SMAD4 3'UTR plasmid was used ([Fig 3D](#pone.0186718.g003){ref-type="fig"}). These results suggested that miR-27a directly regulates *SMAD4* by binding to the 3'UTR of *SMAD4* mRNA.

The miR-27a and TGF-β signaling pathway in lymphangiogenesis {#sec020}
------------------------------------------------------------

SMAD4 is a key component of the TGF-β signaling pathway, which negatively regulates lymphangiogenesis \[[@pone.0186718.ref021]\]. We hypothesized that miR-27a regulates the TGF-β signaling pathway in HLECs. To test this hypothesis, we used the dual-luciferase reporter plasmid p3TP-Lux. In this plasmid, a luciferase reporter is transcribed from the promoter of the plasminogen activator inhibitor-1 (*PAI-1*) gene, a TGF-β induced promoter. We co-transduced p3TP-Lux and miR-27a mimic or miR-27a inhibitor into HLECs, treated cells with exogenous TGF-β1, and then determined luciferase activity. Compared with scrambled oligonucleotide, miR-27a mimic significantly suppressed the TGF-β1 response (decreased 77.40±1.88% and 85.79±1.93% for the 30 nM and 60 nM miR-27a mimic, respectively, *P = 0*.*02* and *P \< 0*.*01*). On the other hand, the TGF-β1 induced response was significantly elevated in HLECs transfected with miR-27a inhibitor (increased 26.00±0.02% and 75.00±0.07% when treated with 30 nM and 60 nM miR-27a inhibitor, respectively, *P = 0*.*03* and *P \< 0*.*01*). However, miR-27a showed no significant effects on the basal level of *PAI-1* promoter activity without exogenous addition of TGF-β1 (*P \> 0*.*05*) ([Fig 3E](#pone.0186718.g003){ref-type="fig"}). This result suggested that miR-27a negatively regulates the Smad4-TGF-β signaling pathway in HLECs.

SMAD4 inhibits lymphangiogenesis and migration of HLECs {#sec021}
-------------------------------------------------------

The role of SMAD4 in lymphangiogenesis is not fully understood. To further investigate the effect of *SMAD4* in colon cancer lymphangiogenesis, we overexpressed or knocked down SMAD4 in HLECs and monitored tube formation. Compared with the empty vector control, the tube lengths decreased by 65.19 ± 1.22% with 1μg of the SMAD4 over-expression plasmid (*P \< 0*.*05*), and 87.56 ± 3.90% after transfection with 2μg of the SMAD4 plasmid (*P \< 0*.*001*) ([Fig 4A](#pone.0186718.g004){ref-type="fig"}). Conversely, compared with scrambled oligonucleotide, the tube lengths were increased 2.76±0.03 fold (*P \< 0*.*05*) and 4.79±1.51 fold (*P \< 0*.*001*) when HLECs were transfected 30 nM and 60 nM *SMAD4* siRNA, respectively ([Fig 4B](#pone.0186718.g004){ref-type="fig"}). The function of Smad4 on the HLECs migration was detected by transwell migration assay. It showed that the number of migrated cells decreased after transduction with SMAD4 over-expression plasmid in a dose-dependent manner. Migrated HLECs transfected with 1 μg or 2 μg SMAD4 over-expression plasmid were 25.79±4.93% (*P \< 0*.*05*) and 57.38±2.75% (*P \< 0*.*001*) less than empty vector control, respectively ([Fig 4C](#pone.0186718.g004){ref-type="fig"}). And on the other hand, migrated cells in HLECs after transfected with 30nM or 60nM SMAD4 siRNA were increased in 1.64±0.21 fold (*P \< 0*.*05*) and 2.24±0.28 fold (*P \< 0*.*001*) compared with scrambled oligonucleotide, respectively ([Fig 4D](#pone.0186718.g004){ref-type="fig"}). These results demonstrated that SMAD4 negatively regulated tube formation and migration of HLECs, which may inhibit tumor lymphangiogenesis *in vivo*.

![*SMAD4* alters the tube formation of HLECs.\
(A and B) Representative phase-contrast photographs and quantification of capillary-like tube formation in control or SMAD4 overexpressed HLECs (A) and control or SMAD4 knockdown HLECs (B). Tube formation was quantified by the analyzing the length of tubes. (C and D) Representative phase-contrast photographs and quantification of Transwell cell migration of control or SMAD4 over-expression plasmid transfected HLECs or control (C) and SMAD4 siRNA or negative control transfected HLECs (D). (E and F) Relatively fold change of Prox-1 in SMAD4 over-expression plasmid transfected HLECs and empty vector control (E) or SMAD4 siRNA transfected HLECs and control (F). Bars, means ± SD from 3 independent experiments. *\*P \< 0*.*05*, *\*\*P \< 0*.*01*, versus negative control.](pone.0186718.g004){#pone.0186718.g004}

Prox-1 expression level was also detected in the HLECs after transfected with SMAD4 over-expression plasmid and SMAD4 siRNA. Prox-1 expression was 28.33±1.76% (*P \< 0*.*05*) and 69.00±3.74% (*P \< 0*.*001*) decreased in the 1 μg or 2 μg SMAD4 over-expression plasmid transfected HLECs compared with empty vector control, respectively ([Fig 4E](#pone.0186718.g004){ref-type="fig"}). In contrast, HLECs with 30nM and 60nM SMAD4 siRNA transfection showed up-regulated Prox-1 expression in 1.89±0.21 fold (*P \< 0*.*05*) and 2.66±0.19 fold (*P \< 0*.*001*) compared with scrambled oligonucleotide control, respectively ([Fig 4F](#pone.0186718.g004){ref-type="fig"}).

Discussion {#sec022}
==========

Distant metastasis is the main cause of death for patients with colon cancer. Malignant cell invasion and metastasis are among the most important hallmarks of cancer and key targets in cancer therapy \[[@pone.0186718.ref022]\]. Lymphangiogenesis has traditionally been overshadowed by the greater emphasis placed on the blood vascular system (angiogenesis). Restricting lymphatic vessel growth may prevent lymph node metastasis, which is a crucial step during colon cancer progression. Tumor lymphangiogenesis molecular mechanism is complicated, and numerous factors such as Vascular Endothelial Growth Factors (VEGFs), platelet-derived growth factors (PDGFs), fibroblast growth factors (FGFs), and angiopoietins are proved to be important factors in this process. Among them, the VEGF-C/VEGF-D/VEGFR-3 signaling pathway is especially associated with lymphangiogenesis in cancer \[[@pone.0186718.ref023]\]. Considering the multiple pathways involved in lymphangiogenesis, abundant mechanisms may contribute to the formation of lymphatic vessels. Thus, effective anti-lymphangiogenic therapy should include multiple inhibitors targeting several components of the lymphangiogenesis process.

Studies have shown that miRNAs participate in multiple signaling pathways involved in angiogenesis and lympangiogenesis in different cancers. miR-126 was reported to play an important role in angiogenesis through inhibition of the RAS, ERK and PI3K/AKT signaling pathways and by regulating VEGFR-2-related signal transduction \[[@pone.0186718.ref024]--[@pone.0186718.ref026]\]. In addition, miR-126 was associated with angiogenesis and lymphangiogenesis in oral squamous cell carcinoma through VEGF-A activation \[[@pone.0186718.ref027]\]. miR-1236 was a negative regulator of VEGFR-3 in lymphangiogenesis \[[@pone.0186718.ref028]\] and miR-181 was found to be an important regulator of angiogenesis and lymphangiogenesis via Prox-1 inhibition \[[@pone.0186718.ref029]\]. Nevertheless, the precise mechanism underlying lymphangiogenesis remains under active investigation.

In this study, we examined the miRNA expression profiles of HLECs co-cultured with or without colon cancer cell lines. We identified multiple differentially expressed miRNAs. These results suggested that human colon cancer cells induced changes in the miRNA expression pattern of HLECs and that some of the miRNAs involved in this response might regulate lymphangiogenesis in human colon cancer.

Cancer cells secret factors to induce formation of new blood and lymph vessels in tumor tissues to satisfy the requirement for oxygen and nutrition \[[@pone.0186718.ref030]\]. One of the most famous examples is VEGFs \[[@pone.0186718.ref023], [@pone.0186718.ref031]\]. Secreted VEGFs bind to their receptors (VEGFRs) in endothelial cells, active multiple signal pathways, induce gene expression, regulate vascular permeability, and promote cell proliferation and migration \[[@pone.0186718.ref023], [@pone.0186718.ref031]\]. Interestingly, VEGF-C, which binds to VEGFR-3 on the lymphatic endothelial cells showed specific association with tumor lymphangiogenesis. If colon cancer cells induced miR-27a expression in HLECs by secreting VEGF-C or other VEGFs requires further studies.

Among all of the differentially expressed miRNAs, miR-27a was of the most interest. miR-27a is involved in the regulation of cancer cell proliferation, tumorigenesis, multidrug resistance and metastasis in various types of tumors \[[@pone.0186718.ref032]--[@pone.0186718.ref034]\]. miR-27a is considered an "onco-miRNA" that is possibly associated with tumor progression and metastasis in various cancers, including breast cancer, pancreatic cancer, and ovarian cancer \[[@pone.0186718.ref035]--[@pone.0186718.ref037]\]. Tang et al. \[[@pone.0186718.ref038]\] reported that miR-27a promotes angiogenesis by mediating the endothelial differentiation of BCSLCs. Therefore, we focused on the role of miR-27a in colon cancer lymphangiogenesis. We found that over-expression of miR-27a promoted lymphatic tube formation and HLEC migration. Conversely, down-regulation of miR-27a was associated with a decrease in lymphatic tube formation and HLEC migration. These results suggested that miR-27a was one of the key regulatory factors involved in HLEC lymphangiogenesis. Over the past decade, the value of miRNAs as therapeutic targets has been recognized. Some of these miRNA antagonists or inhibitors have been validated in clinically relevant animal models and have shown satisfactory efficacy in pre-clinical settings \[[@pone.0186718.ref039]--[@pone.0186718.ref040]\]. Here, the identification of the "onco-miRNA" miR-27a in lymphangiogenesis provides a new therapeutic opportunity for human colon cancer. *SMAD4* was a target of miR-27a in HLECs. First, bioinformatics analysis predicted SMAD4 carries a miR-27a target sequence on its 3'-UTR. Second, overexpression of an miR-27a mimic and an miR-27a inhibitor down- and up-regulated SMAD4 protein levels, respectively. Third, we showed that the *SMAD4* 3'UTR was targeted by miR-27a via dual-luciferase assays. Fourth, as revealed by the luciferase reporter assays, mutations on the predicted miR-27a binding site in the SMAD4 3'UTR inhibited the regulation. In addition, we showed that miR-27a negatively regulated the TGF-β pathway using a reporter system. These results suggested a miR-27a/SMAD4/TGF-β axis in HLECs that presumably regulates lymphangiogenesis.

*SMAD4* (DPC4) is a member of the SMAD family and is located on chromosome 18 (18q21) \[[@pone.0186718.ref041]\]. SMAD proteins are involved in the transcriptional regulation of the TGF-β signaling pathway. SMAD4 is a pivotal member of the TGF-β signaling pathway and functions as a tumor suppressor. Recent studies have shown that miRNAs are involved in the regulation of TGF-β/Smad signaling tumor suppression \[[@pone.0186718.ref042], [@pone.0186718.ref043]\]. Furthermore, some studies have shown a strong correlation between the high frequency of *SMAD4* gene mutations and colon cancer distant metastasis \[[@pone.0186718.ref044], [@pone.0186718.ref045]\]. The deletion of the *SMAD4* gene may lead to tumor angiogenesis and thus increase the metastatic potential of tumor cells \[[@pone.0186718.ref046]\]. Evidence has shown that SMAD4 can inhibit the expression of VEGF-C and, therefore, inhibit lymphangiogenesis in colon cancer \[[@pone.0186718.ref047]\]. These results are in agreement with the results described in this study. In our study, we showed that *SMAD4*, as a target of miR-27a, inhibited HLEC lymphatic tube formation.

Our results and others suggested pro-tumor function of miR-27 and anti-tumor function of SMAD4 in colon cancer. However, miR-27a and SMAD4 have also shown anti-cancer and oncogenic roles, respectively. For example, the expression of miR-27a was significantly reduced in prostate cancer. miR-27a inhibited prostate cancer cell proliferation and migration \[[@pone.0186718.ref048]\]. Overexpression of SMAD4 in hepatocellular carcinoma was associated with poor prognosis \[[@pone.0186718.ref049]\]. The functions of miR-27a and SMAD4 are likely tumor type- and cell type-dependent. They may also be regulated by other genetic or epigenetic alterations in tumor cells. Our study focused on the role of miR-27a and SMAD4 in HLECs and they may have different functions in tumor cells and endothelial cells.

Conclusion {#sec023}
==========

In summary, we demonstrated for the first time that miR-27a was a key regulator of lymphangiogenesis in human colon cancer and that it functioned via the TGF-β-SMAD4 signaling pathway. These findings indicated key roles of miR-27a in tumorigenesis and metastasis in human colon cancer and implicated miR-27a as a potential target for the development of new anticancer therapies.
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